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Highlights: 
 
 Adiponectin levels decreased in the High Fat Diet group after three months 
 Autophagy increased after three months of High Fat Diet  
 mTOR showed no activation regarding the time point studied 
 Tyrosine hydroxylase decreased after two and three month of High Fat Diet 
 
Abstract 
Objective: to investigate the effects of a high fat diet (HFD) on salivary glands in vivo, in a 
mouse model. In particular, whether it will induce the appearance of fat cells in salivary 
glands, alterations related to autophagy, mTOR pathway and sympathetic innervation. 
Design: 27 adult female ICR mice were separated in six groups. Three groups fed with 
(HFD) containing 55% fat, for one, two and three month and another three groups fed with 
normal diet (2.7% of fat), for the same time periods. The submandibular glands and liver 
were dissected and part homogenized for protein analyses and part fixed in formalin for 
histological analyses Results: After three months the HFD fed mice total body weight fold 
change increased compared to controls. The Oil Red O staining showed no fat cells deposit in 
salivary gland however a large increase was observed in liver after three months of HFD. 
Adiponectin levels were significantly decreased in the HFD group after three months. The 
group fed with HFD for three months showed increased conversion of the LC3 autophagy 
marker in salivary gland. mTOR showed no activation regarding the time point studied. 
Tyrosine hydroxylase significantly decreased after two and three month of HFD. 
Conclusion: HFD caused several changes after three months however the earliest change was 
noticed after two months regarding sympathetic innervation. This suggests neural alteration 
may drive other diet induced changes in salivary glands. These early changes may be the 
starting point for longer term alterations of salivary glands with alterations in diet. 
 3 
Keywords: submandibular gland, high fat diet, autophagy, mTOR, sympathetic innervation  
 
Introduction  
 Salivary glands are well known to change aspects of structure according to diet. 
Neural inputs from taste and chewing maintain the salivary parenchyma in a normal healthy 
state. Moreover the parenchyma of salivary glands are subjected to other influences such as 
hormones that affect changes in its morphological characteristics leading to local or systemic 
alterations.1 One such change is adipose tissue infiltration between acini parenchyma 
associated with conditions like: Human Imunodeficiency virus (HIV), 2 hypertriglyceridemia, 
3 but most commonly with ageing in the absence of any obvious disease process 4, 5. 
 White adipose tissue stores excess calories and prevents the toxic accumulation of 
excessive nutrients in non-adipose tissue. 6 It also communicates with organs by producing 
adipokines as part of an endocrine system. Adiponectin is an adipokine involved in the 
regulation of energy metabolism and inflammatory responses. 7 It is considered an important 
protective adipokine against obesity. Previous data has shown that adiponectin expression 
and its receptors are detectable in salivary gland even in the absence of fat cells. 8, 9 Thus 
receptors present in salivary glands might be involved in the effects of metabolic changes 
regulation such as local inflammatory and immunological processes. 10 
 The consumption of high caloric palatable foods has increased significantly in recent 
decades leading obesity to achieve epidemic proportions with negative impacts for the 
economy and general health worldwide. 11, 12 Therefore understanding the pathophysiology 
mechanism involved in the development of obesity and its related diseases has become 
timely. Previous studies have pointed out an association between obesity and oral pathologies 
such as periodontitis, 13-15 but the changes that obesity and its molecular pathway induce in 
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salivary glands are poorly understood. Recently, it has been demonstrated that obesity and its 
related metabolic comorbidities are closely associated with enhanced autophagy and up 
regulation of some markers such as LC3 in adipose tissue. 16,17 
 It is likely that diet affects salivary gland via several potential mechanisms. Excessive 
nutrient intake promotes signalling through the mammalian target of rapamycin (mTOR), 
which in turn may lead to alterations in cellular metabolic signalling, insulin resistance and 
obesity related diseases. 18, 19 In most normal healthy tissues such as liver and muscle, mTOR 
is active and drives protein synthesis. In salivary glands it is normally inactive but becomes 
activated with atrophy 20,21 However the effect of diet on salivary glands regarding mTOR 
pathway has not been elucidated. 
 The parotid and submandibular glands of rat, mouse and human receive 
parasympathetic and sympathetic innervations that regulate fluid, ion and protein secretion 
into saliva. 22 Tyrosine hydroxylase (TH) catalyses the reaction in which L-tyrosine is 
hydroxylated to L-Dopa a precursor of dopamine and therefore a useful marker of 
sympathetic nerves. Dysregulation of dopamine has also been implicated in the development 
of obesity.23 Since white adipose tissue is innervated by sympathetic nervous system 24 and 
tyrosine hydroxylase mRNA expression in neuronal tissue can be regulated by macronutrient 
intake 11 it seemed reasonable to assess sympathetic nerves in salivary gland. 
 Furthermore the formation of adipose tissue in salivary glands remain an enigma, it is 
uncertain if their appearance is related to obesity or HFD. Since adipose cells release 
adipokines and salivary cells have adipokines receptors their influence needs to be elucidated. 
Thus the objective of this research was to investigate the effects of a high fat diet on salivary 
glands and determine if this will induce fat cells or alter autophagy, mTOR activity or 
sympathetic innervation. 
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Material and Methods 
A total of 27 adult female ICR mice were obtained from Charles Rivers 
Laboratories (Margate, UK); weighing an average of 22-30g upon arrival. Mice were housed 
with food and water provided ad libitum. A 12h light-dark cycle was maintained at a constant 
temperature of 20-22°C. Environmental enrichments (tunnels and nesting material) were 
provided in each cage. Animals were allowed to acclimatize to their new environmental for 
one week before experimental procedures. All procedures in the animals were conducted in 
accordance with UK Home Office Animal (Scientific Procedures) Act 1986. 
A group of five mice were fed on a high fat diet (HFD) for one month (HFD1) 
(but one was excluded due to aggressive behaviour), a group of five mice were fed on HFD 
for two month (HFD2), and another group of five fed on high fat diet for 3 month (HFD3). 
The high fat diet was providing by Special Diet Services (SDS) UK and has 55% (w/v) of fat. 
The controls groups comprised of four mice for each time point studied and were fed 
standard pelleted food (SDS UK) containing 2.7% of fatty acid added to its composition. 
Animal body weights were recorded daily. Mice were sacrificed by an overdose of 
pentobarbitone. 
After the time points described the submandibular gland and liver samples were 
removed. Submandibular glands in the HFD group were increasingly surrounded by fat tissue 
compared to controls but were separated from sublingual glands and weighed. The tissues 
were then fixed in 4% formalin or frozen in liquid nitrogen for biochemical analyses.  
Histochemical staining of tissue samples: Submandibular glands and liver were 
embedded in wax and 5 μm thick sections were cut and mounted on super-frost plus-coated 
slides. General morphology of the tissue sections was assessed by H&E staining. Fat deposits 
were investigated by Oil Red O staining; frozen sections were fixed in 10% formaldehyde, 
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washed with distilled water, rinse with 60% isopropanol, stained with Oil Red O  (0.18% w/v 
in isopropanol) for 15 minutes, rinsed with 60% isopropanol and finally counter-stained with 
haematoxylin for the detection of nuclei. 
  Immunohistochemistry on tissue sections 
The tissue sections were first de-waxed and then incubated for ten minutes in a 
solution of 3% hydrogen peroxide to inhibit the endogenous peroxidase. Sections were 
incubated at 100°C for 15 min in citric acid buffer (pH 6.0) in a pressure cooker base. 
Sections were covered with blocking solution (2% BSA in 1x TBS and azide, pH7.6) and 
incubated for 5 minutes for further application of primary antibodies. The antibodies were 
incubated overnight at room temperature. The next day the sections were washed for 10 mins 
in 500ml 1x TBS, with stirring and after the secondary antibody was applied. The peroxidase 
activity was visualized with diaminobenzidine tetra-hydrochloride (DAB) (0.5mg/ml) and 
counterstained with Mayer’s Haematoxylin. 
 
  Tissue Preparation and immunoblotting 
Submandibular tissue specimens stored at -80°C were homogenized in 19 
volumes (w/v) of ice-cold homogenization buffer 1% Triton X-100, Tris-HCL pH 7.4, 1mM 
EDTA, and a 1% v/v dilution of protease cocktail set 1 (Merck Chemicals Ltd, Nottingham, 
UK) using an Ultra-Thurrax homogenizer (IKA Labortechnik, Staufen, Germany). 
SDS- PAGE of samples was carried out (NUPAGE Novex Bis-Tris 4-12% gel; 
Life technologies, Paisley, UK). Proteins resolved by electrophoresis were then electroblotted 
onto 0.45 μm nitrocellulose membranes (Anderman and Co., Kingston-Upon-Thames, UK). 
The procedure followed for immunoblotting is that which has been used previously. 25 
Membranes were imaged in a ChemiDoc Imaging System (BIORAD Laboratories Ltd, 
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Hertfordshire, UK), with optimized exposure times and the built in high sensitivity blot 
detection which highlights over saturated pixels to obtain ideal exposure of images of the 
protein bands. Band intensity from immunoblots were quantified using the image analysis 
software image version 1.46 (NIH, Maryland, MD, USA).  Blots were reprobed for beta actin 
to normalize protein loading between lanes thus each bar represents the mean normalized to 
β-actin ± S.E.M.  
Antibodies 
The antibody adiponectin (1:2000 for western blotting) was obtained from Sigma-
Aldrich (Poole, Dorset, UK).The antibodies: LC3A/B (1:1000 for western blotting), anti-
phospho-4E-BP1 (1:1000 for western blotting), anti-phospho-S6 ribossomal protein (1:1000 
for western blotting), tyrosine hydroxylase (1:1000 for western blotting) were obtained from 
Cell Signalling Technology (Hertfordshire, UK). Tyrosine hydroxylase (1:1000 for 
immunohistochemistry) was obtained from Abcam (Cambridge, MA, USA) and anti-β-actin 
(1:1000) was from Sigma-Aldrich (Poole, Dorset, UK). Secondary antibodies included 
polyclonal goat anti-mouse immunoglobulin-HRP and polyclonal goat anti-rabbit 
immunoglobulin-HRP from Dako Ltd (Ely, UK). 
 
Statistical analysis: 
 Data analysis was performed using the Graph Pad Prism 5 package (GraphPad 
Software Inc., La Jolla, CA). Results were expressed as means ± S.E.M., and were 
statistically compared by student’s t-test, or ANOVA followed by Tukey test, P<0.05 was 
considered statistically significant. 
 
Results: 
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1-Changes in body and salivary glands weights: 
 As expected, the studies groups submitted to high fat diet (HFD1, HFD2 and HFD3) 
showed significant increase in body weight when compared to the starting weight (p<0.05), 
although the controls also increased their body weight significantly during the same time 
points. However, the fold change increase (the ratio between the initial and final weight) 
when controls and HFD were compared showed statistically significant differences only after 
three months (control and HFD3 Fig 1A). Submandibular gland weights remained similar in 
all groups and when expressed as a ratio of body weight (Fig1B) significantly decreased in 
the HFD after three months. 
2-Histological analysis: 
 The morphology of submandibular glands assessed by H&E did not change 
among groups. Both acinar and ductal cells appeared normal and fully replete with storage 
granules with few signs of inflammation.  Figures 2A, 2B, 2C, and 2D represent respectively 
a control gland, HFD1, HFD2 and HFD3 submandibular glands. In contrast the liver showed 
several histological changes with HFD.  H&E showed cytoplasmic storage vacuoles after 3 
months (Figure 3A and 3B represent control and HFD3 liver) which the Oil Red O staining 
suggested were large accumulation of fat levels with lots of red droplets in group HFD3 
(Figure 4C and 4D control and HFD3 liver tissue respectively). However the Oil Red O 
technique revealed no fat deposition in submandibular gland from controls group or HFD 
(figures 4A and 4B).  
3-Adiponectin:  
 Measurements of adiponectin in submandibular homogenates were done by 
immunoblotting and HFD for one month and two months were not different from respective 
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controls. However, the high fat diet group for three months had significantly decreased levels 
of adiponectin in submandibular glands compared to controls (Figure 5A and 5B). 
4-LC3: 
 Tissue homogenates of submandibular glands were analysed for evidence of 
autophagy. The LC3 ratios measured by immunoblotting were significantly increased after 
three month compared with controls (Figures 6A and 6B).  
5-mTOR status: 
Evidence of mTOR activation was assessed by phosphorylated 4E-BP1 and 
phospho - S6 ribosomal protein. Immunoblotting revealed no activation of S6RP or 
phosphorylated 4E-BP1 in controls or HFD1, HFD2, and HFD3 groups (Fig 7).  
 
6-Tyrosine hydroxylase: 
 In the first month the levels of TH measured in submandibular gland homogenate did 
not differ between controls and high fat diet fed ones (data not shown). However after two 
and three months the levels of TH decrease significantly in the groups fed with high fat diet. 
Figure 8A and 8C shows the normalized (to actin) ratio of TH expression between high fat 
diet and normal diet for two and three month respectively. The imunohistochemistry also 
shows decreased expression of TH in HFD fed ones after 3 months (Figures 9A and 9B) 
although it is not a quantitative method it does show staining localised to nerve-like 
structures.    
Discussion 
The adipogenic stimulus of a high fat diet caused a significant fold change in 
body weight only after three months when compared to a normal diet. Though the body 
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weight of mice increased the submandibular glandular weight did not, suggesting fat tissue 
accounts for most of the increased body weight. Oil Red O staining also suggested no fat 
deposition in submandibular glands. Since obesity is characterized with enhanced lipid 
accumulation in the liver, 26 we checked the liver for fat deposition and indeed found a large 
increase in fat accumulation in the HFD after three months. Although 3 months is a short 
time for the HFD, and many other studies have used longer periods, 3 months was sufficient 
to affect body weight but not cause fat cell formation in the submandibular gland.  Another 
study of C57BL/6 mice older than ninety weeks did not detect fat infiltration in 
submandibular gland 29.  Most previous reports of adipose tissue infiltration in human 
submandibular gland suggest ageing as the key factor rather than diet 27, 28. However it cannot 
be excluded that the glandular tissue of mice are different from the human and may have 
some protective mechanism against adipose tissue infiltration.  
Circulating adiponectin can regulate the function of several tissues. Ding et al 
(2013) 10 described perfusion of isolated salivary glands with adiponectin which stimulated 
saliva secretion. Therefore we investigated if a high fat diet could modify the levels of 
adiponectin in submandibular gland. Our results showed that after three months of a high fat 
diet the levels of adiponectin in submandibular glands significantly decreased. This result 
indicates that high fat diets and weight gain can possibly modify glandular responses which 
could lead to alterations in oral health. There is already substantial evidence for an 
association of obesity and periodontitis an inflammatory disease. Although we did not collect 
saliva there were no indications of hyposecretion (eg dry mouth, tongue atrophy, decreased 
body weight, reduced grooming etc., ) and indeed there are no reported associations between 
obesity and salivary hypofunction in the literature.  
 Autophagy is a homeostatic process that is constitutively active in essentially all 
tissues by removing damaged or misfolded proteins. In this study increased levels of 
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autophagy as determined by LC3 ratios (LC3II/LC3I) occurred after three months of HFD 
compared to controls in submandibular gland. Previous studies have demonstrated that 
autophagy is up-regulated in adipose tissue of leptin-receptor deficient db/db mice.30 Morgan-
Bathke et al., (2014), showed that in submandibular gland autophagy could play a beneficial 
role in re-establishing salivary gland homeostasis following targeted head and neck radiation 
31. However in submandibular gland increased autophagy is associated with ligation – 
induced atrophic degeneration. 21 However there were no obvious histological signs of 
atrophy and most likely the increased autophagy is due to increased processing of lipids. 
In nutrient abundant circumstances, mTOR signalling stimulates adipose tissue 
expansion. 32 Since the appearance of fat cells is common in human salivary glands we 
considered if mTOR pathway had become activated during the three months of HFD. In 
healthy adult mouse salivary gland mTOR is not active and did not become activated within 
three month of HFD. Our previous data showed activation of mTOR occurs in submandibular 
glands undergoing atrophy. 20 However this study underlines the complexity of the in vivo 
regulation of mTOR in salivary glands as other tissues such as adipose do become activated 
by HFD.  
 Fat cells have sympathetic innervation 24 and salivary glands (but not sublingual) have 
a dense sympathetic innervation. We used TH to study any changes to sympathetic 
innervation in mice on a HFD. Previous data showed that TH knockout mice presented 
hypophagia 33 and in brain tissue its expression is affected by diet. 11 Our results showed that 
the diet can significantly alter the protein expression after two months in submandibular 
glands. Although not conclusive this might indicate alterations in sympathetic innervations in 
the gland tissue. Adrenergic signalling from sympathetic nerves leads to an augmentation of 
protein secretion by parotid and submandibular glands. 34 It would be of interest to study 
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protein secretion into saliva in response to autonomimetic agents such isoprenaline, as we 
have done previously.  
 A number of methodological issues limit generalizations regarding our results. The 
sample size was small, the duration of the HFD was short, differences between males and 
females fat regulation were not considered, nor was salivary flow measured and only the 
submandibular glands were examined.  Thus additional larger scale study is important to 
validate our findings.  
Conclusion 
High fat diet induced weight gain significantly after three months which were associated with 
changes in submandibular glands. There were changes related mostly to sympathetic nerve 
changes. After three month of HFD the levels of adiponectin in submandibular gland were 
significantly reduced and autophagy seems to be increased. There was no obvious formation 
of fat accumulation in submandibular gland despite large increases in liver. Whether longer 
periods of HFD may induce atrophic changes remains to be determined. 
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Figure Legends: 
Figure 1: (a) represents the fold change body weight comparing controls and HFD fed ones. 
(b) represents a ratio: submandibular gland weight divided by body weight.  
 
Figure 1A 
 
 
 C1, C2, C3 controls fed on normal diet for 1, 2 and 3 month 
 HFD1, HFD2, HFD3 mice fed on high fat diet for 1, 2 and 3 month 
 * P<0.05 ANOVA 
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Figure 1B 
 
 C1, C2, C3 controls fed on normal diet for 1, 2 and 3 month 
 HFD1, HFD2, HFD3 mice fed on high fat diet for 1, 2 and 3 month 
 *P<0.05 ANOVA 
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Figure 2: (a), (b), (c), and (d) represent Haematoxylin and Eosin (H&E) staining of 
submandibular gland respectively from a control, HFD1, HFD2 and HFD3 mice. 
 
Figure 2A: 
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Figure 2B 
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Figure 2C 
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Figure 2D 
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Figure 3: (a) and (b) represent Haematoxylin and Eosin (H&E) staining from a control and 
HFD3 liver. The  arrows marked cytoplasmic vacuoles.  
 
Figure 3A 
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Figure 3B 
 
  
 26 
Figure 4: (a) and (b) represent Oil Red O staining in submandibular gland from controls after 
3 month and HFD3 respectively. (c) and (d) represent a liver Oil Red O staining from 
controls after 3 month and HFD3 respectively. 
 
Figure 4A 
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Figure 4B 
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Figure 4C 
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Figure 4D 
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Figure 5: (a) show adiponectin as a ratio of β-actin (*P<0.05). The bars represent the mean ± 
S.D. Beta actin (β-actin) was used as a loading control. (b) immunoblotting of adiponectin 
protein expression in submandibular glands of mice fed HFD for three month. Data show is 
representative of three experiments. 
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*P<0.05 
  
 31 
Figure 5B 
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Figure 6: (a) show LC3 ratio (LC3II/LC3I) (*P<0.05). The bars represent the mean ± S.D. (b) 
immunoblotting of LC3 expression in submandibular glands of mice fed HFD for three 
month. Data show is representative of three experiments. 
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Figure 6B 
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Figure 7: Immunoblotting of phosphor-4E-Bp1 protein for HFD1, HFD2 and HFD3 and 
respective controls. 
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Figure8: (a) show tyrosine hydroxylase as a ratio of β-actin for mice fed HFD for two month 
and controls fed normal diet for the same period. (*P<0.05). The bars represent the mean ± 
S.D. Beta actin (β-actin) was used as a loading control. (b) immunoblotting of TH expression 
in submandibular glands of mice fed HFD for two month and controls.(c) show TH as a ratio 
of β-actin for mice fed HFD for three month and controls fed normal diet for the same period. 
(*P<0.05). The bars represent the mean ± S.D. (d) immunoblotting of TH expression in 
submandibular glands of mice fed HFD for three month and controls. 
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Figure 8B 
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Figure 8C 
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Figure 8D 
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Figure 9: (a) Immunohistochemistry staining of tyrosine hydroxylase protein (brown) in 
submandibular glands in control (a) and HFD3 (b). A higher intensity of TH was found in 
controls compared with HFD fed ones. 
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Figure 9B 
 
 
 
 
